l {é/;"t_, - '5):26‘4; 5 C,;: - —j
’ l“'un ~82-1529

MASTER

Los Alames Makans! Laberpiery & eperawe nn'mnn ot Cattornia for the Unned Bistes Desortmam of Ener

un@sr conteatt W-7605-ENG -6

TME: SPECIFIC-HEAT MFASUREMENTS ON l-lIGH-'.'l‘c A-15's

——— INSCLAMI R

AUTHOR(S): ory Rar. ewart

suswntTED YO: IV Conference on Superconductivity in d- and f-band Metals
Karlsruhe, West Germany, .June 28-130, 1982

MISTAUET N Py [EEERL SN IR |0“\"\‘.‘.i[ﬂ
hERL

' Sy oosopuings of thip 0riels, T'0 PUORTY Fesegnings Tt e U.B Sovernment 0guing § AGRSLIIvve. FOyShy-Arae Aronse 18 Publoh ur ropresuse
PVtihad farm o This SOV DN, 88 B Sllnm Ohers 10 00 00, T UD Severnment purpeees ous I
zmmmmmmmummum-mmmnmu B Deparimem

Los Alamos National Laborator
"©S A @F@@S Los Alamos,New Mexico 8754

Snsncen ane g



About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


SPECIFIC HEAT MEASUREMENTS ON HIGH T A-15s
G, R. Stewart

Los Alamos National Laboratory
Los Alamos, N.M. B7545
U.S.A.

Specific neat measurements for the seven high T A-15'e are
reviewed. Derivation of valuee for vy, proportiomal to N(0) (1+1} ), ie
discuseed, with strict attention given to limits of error. Particular
note 18 taken of recent controvers.es concerming the correct values of Y
for A-15 V35i and NbzSn. Using tunneling and infrared spectroscopy
resulte for ) where available, and an approximate phenomenological
formula otherwise, values for the electronic density-of-etates at the
Fermi energy, N(0), are derivec and compared with theory. These 8pecific
heat derived N(0) values, ranging from 0.95 ¢ 0.3 etates/eV-atom for A-15
Nb3Si to 2.4 t 0.3 states/eV-atom for A-15 V3zSi, are taken ae
conclusive evidence that high T, does not imply a high N(0).

INTRODUCTION

Since the discovery of high T. supeiconductivity in A-15 V3Si
(Hardy and Hulm, 1954), compounds forming in the A-15 structure have been
the subject of an intense research effort. In addition to the properties
of A-15's which make them attractive technologically, i{.e., high upper
critical currents and fields, these compounds are extremely interesting
from a basic physics point of view. This review article, as clear from
the title, considers just one of the many types of measurement techaiques
used in trying to underctand the basic physical properties of A-15
compounds., In addition, this discussion will concentrate mostly on that
subset of specific heat measurements with which I am most familiar and
which hold the most fascination for me, 1.e., LTSH measurements on the
high T¢ (Tc > 17.0K) A-15's:
NbaGe, T, = 22.5K (Harper et al., 1975; Stewart et al., 1978a);
Nb3Ga, To = 20.3K (Stewart and Webb, 1980);
Nb3Al, To « 18.8K {H;};ens et al., 1969; Spitzli, 31970; Junod et al.,

971);

Nb3Sn, T. = 18.0K (Morin and Maita, 1963); Vieland and Wicklund,
1968; Junod et al., 1978; Stewart et al., 198la);

Nb3S1, Tc = 18.0K (Stewart et al., 1981b; Stewart et al., 198lc);

V3di, T¢ = 17.1K (Morin and Maita, 1963; Spitzli 1970: Junod et al.,

1971),
Nb3jAlg gGeg.2, V¢ = 20.0 (Matthias et al., 1967; Bohmhammel
et al., 1977; Stewart et al., 1978b).

Even this relatively narrow topic, the LTSH of only seven A-15
compounds, with data stretching back almost two decades, is still full of
controversy, uncertainty, and vigor. This review article attempts to
impart a sense of this dynamism to the reader. Those wanting a broader
overview of the LTSH for all the A-15's (of which there are over 50) are
referred to the review by Weger and Goldberg, 1973, to two excellent
theses on this subject from Professor Muller's group in Geneva (Spitzli,
1970 and Junod, 1974), and to a review of the LTSH of 25 superconducting
A-15's in this conference by Dr. Junod, 1982a.

DISCUSSION

At low temperatures, but above any superconducting transition, the
specific heat at constant pressure, Cp. is given by
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The coefficient y can be related to the electronic density of states at
the Fermi level, N(0), in units of states/eV-atom, and the
electron-phonon coupling constant a via

N(O)(1*a) = 0.1061 v o (2)

if vy is in units of mJ/mole-KZ and a formu.la unit of the A-15 contairs
four atoms, i.e., AjB. The coefficient g8 can be related to the Debye
temperature, 6p, which is a measure of lattice stiffness, via

/3
0o (2428750 (3

where 8 is in gn1ts of m)/mole-k4. At higher temperatures, ~ €p/10,
even though ¢T° may be negligible in some materials, She Debye law for
the lattice specific heat deviates from the simg]e T2 term in Eq. 1
causing a negative curvature on a Cp/T versus T¢ plot. For a
complete discussion of the Debye law for the specif}c heats of solids,
see Gopal, 1966. At low enough temperatures, the T° and higher order
terms in Eq. 1 are negligible, and the simple Debye law ;s obeyed,
allowing separation of y and 8 by plotting CplT versus T¢ which gives
y as the intercept and 8 as the slope.

Already this discussion leads us to the controversy concerning LTSH
measurements on the high T A-15's.

How Accurately Is y Known for the Seven High [ A-15's

The extrapolation of the normal state Cp data from above T, to
0 K to determine y for a high T. superconductor is quite long and
therefore subiect to possible error. An example is shown in Fig. 1 where
C,/T versus T¢ is plotted from 4 to 29K for single phase A-15
NbiGe, with a bulk Tc for this particular sample of 21.8K. There are
no significant T2 or higher order terms present in the data above T,
up to 29k, or ©p/10. As an aside, lack of such terms to such a large
fraction of the Debye temperature is unusual in most materials. However,
in the seven high T, A-15 compounds under discussion here, such terms
are absent ir C, above Tq up to 6p/10 in a majority of the cases,
1.e., NbjGe as we have seen and also Nb3Al (Junod et al., 1971),
Nb3Alg gheg.2 (Stewart et al., 1978b), Nb3Ga (Stewart and Webb,
1980) and NbjSn (Stewart, et al., 198la). As pointed nut by Junod aad
Muller, 1980, and as will be seen below, merely because Cp = yT *+ 8T
above Te up Lo 8p/10 for these materials is no assurance ghat aT3
will continue to describe the lattice specific heat for T < T.

Returning to the question of how y is determined for Nb3Ge, the 42
data points above T, were fitted by a least-squares computer program to

Co/T = v+ 8T2, yith the result being y = 30.3 m)/mole=K2 and

8y = 302K. Now we arrive at the kernel of the controversy: how

accurate are these numbers? The standard way to check is to use the fact
that the rormal state entropy at T, SniTC;. equals the

superconducting state entropy at Tc, Sy(Tc), where Cp s the

Te T
Sn(Tc) » /Eu dT fE; dT » Ss(Tc) (4)
oT 0 T

extrapolated normal state data below Tc and Cg is the measured
superconducting state data below Tc. For the Nb3jGe data shown in

Fig. 1, and using the straightforw,rd extrapolation of the normal state
data fit above To to C,/T = y + BTC, the aareement of the entropies
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FIGURE 1. Low temperature epecific heat (LTSH) data for single phase
A-15 Nb_Ge (Stewart et al., 1978a). The straight Zir;’s ehown 18 from a
Zeaat-sSuarea computer fit of the C'n/T data to v + BT .

calculated via E3. 4 is bettsr than 1%, Thus, the y for this sample of
A-15 Nb3Ge of 30.3 md/mole-Ké 15, in my opinion, quite reliable.

One can argue that if better material could be prepared (more
homogeneous, less strained) the specific heat anomaly for Nb3Ge would
be sharper, instead cf 3K wide, and perhaps y would increase
significantly in this better material. All the available evidence argues
against this. One quite compelling plece of evidence is that better
samples of Nb3jAl, with a much sherper specific heat anomaly at T
have been measured and show less than a 10% change in y (Cort et al.,
1981). Also, band structure calculations by Klein et al., 1978, coupled
with an approximate A give, via Eq. 2, a y for ideal A-15 Nb3jGe a few
percent lower than the number quoted here. (For a more complete
discussion of this, sea Stewart et al., 1979).

Nb3Ge is only one of the seven high T. A-15 compounds under
discussion here. Fur how many others does the straightforward
extrapolation discussed above work? Obviously, V3S1 and Nb3Si are
not straightforward, since the simple Debye law dnesn't work for these
compounds above T to begin with. Of the other four high T. A-15's,
only Nb3Alg gbeg. 2 is gs straightforward as NbjGe, with
y = 35, :_2 m)/moke-K< and 1% agreement of SS?TC) and Sp(T),

Eq. 4 using Cp(T <« Tc)/T a y + g2,

For NbjAl and Nb3Si, the y's obtained (Cort et al., 1981 and
Stewart et al., 198lc respectively) to follow the entropy constraint and
shown in Table I are only slightly different than those obtained from
fits to the normal state data, which for Nb3sy {nclude a T5 term.
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TABLE I
PARAMETERS* FOR THE SEVEN HIGH T, A-15's

(K) (md/molek2) (K) (states/eV-atom)
experiment/theory
Nb3Ge 21.8 30.3+1 302+3 1.740.2 1.2+0.1 / 1.0
Nb3Ga 19.8 46+8 280( T=0) 1.7+0.2 1.8+0.4 / 1.8
262(T>T¢) - -
Nb3Al 18.7 36+2 283+5 1.7+¢0.2 1.4+0.2 / 1.8
Nb3Sn** 17.9 3543 208(T=v) 1.740.2 1.440.2 / 1.5
270(T>T¢) - -
Nb3Si 18.0 2446 310+40 1.740.2 0.95+0.3 / 0.6
V3si*™™ 17.1 52.8+7 271-?04 1.29+0.2 2.4+~0.3 / 1.8
A (T=0 Al Al
435(T>T¢)
Nb3A10_86e0.2 20.0 35+2 27845 1.740.2  1.4%0.2

*References are given in the text. **Values are for transforming samples.

The case of Nb3Si, produced by explosive compression and available only
as a multi-phase material, is somewhat complex. The uncertainty in the y
shown in Table I for A-15 Nb3Si is totally due to uncertainties in
correcting for the y's of the other phases, since Stewart et al., 198.c,
suppressed T. substantially using an applied magnetic field to
accurately determine v.

For NB3Ga. Stewart and Webb, 1980, assign a y cf 46 + 8
mJ/mole-K¢, Here, not only {is Sp(T.) from a strzightforward
extrapolation in disagreement with gs(Tc). but there is alsc a seccnd
phase to be corrected for.

For V351, as for Nb3Sn, extrapolation of C, below T. is made
difficult by the fact that Op(T > T¢) is signi?icant1y different than
op(T << Tc). For V3Si, the values given by Junod and Muller, 1480,
are 6p(T > T.) = 435K and Op(2K < T < 4K) ~ 271 - 304K, depending
on sample. ?he low temperature Dcbye temperature 1s measurable because
the electronic contribution to Cg becomes negligible sufficiently below
Tc, leaving Cg = aT3 as shown in Eq. 5.

Cg = Ae-A/kT 4+ ¢T3 (5)

Thus, hecause the Debye temperature ir V3Si is obviously temperjture-
dependent below T., the slope of the extrapolation of Cn/T vs T€ is
also changing in some fashion between 4K and To. Junod_and Muller's
choice for y of transformed A-15 V3Si is 52.8 mJ/mole—K2Z using a

6p(T) which is based un the shape of the phonon spectrum F(w). This
number 1s at present disputed by Huang et al., 1981, who measure a low
temperature specific heat smaller by a factor of two for their
transforming V351 crystal than that obtained by Junod tnd Muller on
four different samples and hy Brock, 1969, on his sample. Since Huang et
al. obtain a smaller Cg, they obtain a larger 0p(T << T.) of 425K,
leading them to extrapolate y for their transforming V3§1 as 67.6
mJ/mole-k2, This 28% disagreement must be resolvec by either an
independent measurement of C; at low temperatures on the Huang et al.



sample (as suggested by Junod, 1982b) or by a measurement of C, for
V3Si in high magnetic fields (12-15T) to suppress T and actanIy
measure C,, rather than having to extrapolate it.

For NB3Sn, similar difficulties in extrapolation arise from a
changing Debye temperature, 6p(T < 4K) = 208K versus op(T > T¢) =
270K (Stewart et al., 198la). A straightforward Sxtrapolation of the
normal state data above T, fitted to C/T = y + gT< gives
Sn(Tc)/Sg(Te) = 1.23 for Nb?Sn. However, since the change in
8p from ?c to 4K makes it clear that such an extrapolation will, a

riori, be 1ncorrect, extrapolations have always been made to: I} have
Eﬁe coirect slope at T = 0; 2) give the correct Su(T¢) (i.e. =
Sg(Tc)). Junod et al., 1978, based their extrapolation on F(w)_data
from neutron scattering and obtained y =~ 46.8 to 52.4 mJ/mole—KZ,
depending on sample. Vieland and Wicklund, 1968, obtained y = 52.4
mJ/mole-K2 for their sample of Nb3Sn based on data in O and 5.25T
fields and an extrapolation using Hg as a model. Using Pb as a model
gave a value 10% lcwer.

Recently, Stewart et al., 1Y8la, succeeded in measuring the LTSH of a
high-quality, vapor-grown pnlycrystal of Nb3Sn in_a magnetic field high
enough (18T) to allow measuremenf of C, down to T2 = 40K , a factor
of three greater depression of T¢ than that obtained by Vieland and
Wicklund with 5.25T. This measured CE gives a much more accurate
extrapolation of y = 35 £ 3 mJ/moTe—K¢, This result remains
controversial because of two points. Firstly, of cgurse, is that a y of
35 vs the previously accepted value of 52 mJ/mole-K¢ requires a big
adjustment in the perception of A-15 Nb3Sn as a high density of states
superconductor, Secondly, the high fie?d Cn data show an abrupt change
in ép at about 11K which is not seen in the zero field C¢ data.

While we pointed out several cases where data exist show?ng that applied
fields can affect lattice behavior, this abrupt change in lattice
stiffness in 18T in Nb3Sn is as yet not understood. Experimental work

is ongoing to measure the magnetoresistance in applied field of this same
sample (Brandt et al., 1982) to see if another measurement can shed 1ight
on this anomaly. Alco, theoretic.l work (Pickett and Klein, this
conference) 1s underway to try to understand this anomaly.

Certainly the question of why this anomaly exists seems unanswered at
the present time. Arguments which try to explain the abrupt change, or
kink, in 0p with temperature in 18T based on some slight remaining
untransformed cubic material undergoing a superconducting transition at
11K are unconvincing for several reasons. First, the critical field at
zero temperature of such cubic material would be over 30T. Such a high
upper critical field has never been observed in Nb3Sn. Second, a
superconducting transition would increase the spec?fic heat nver a range
of temperature, not cause it to drop precipitously as observed. Third,
all these arguments are academic since this sample was measured
inductively for superconductivity in 18T (Foner, 1981) and was found to
be normal cown to a significantly lower temperature.

At the Bresent time, my belief is that y for Nb3Sn is 35 =
3 mJ/mnle-K-, The size of the normalized specific heat discontinuity,
aC/yTc, which this gives (3.5 « 0.3) is not any lar?er than that
extrapolated for high-quality Nb3jAl, 3.2 (Cort et al., 1981). New,
more thorough, neutron diffraction should be done on high-quality Nb3Sn
to more completely determine F(w). Of great significance would be such
neutron work done in high fields.

Determination of N(0); Comparisor with Theory

Knowing y now for the seven high T. A-15's (see Table 1) to various
degrees of precision and with varying degrees of controversy, can we now
use these values to calculate N(O) from Eq. 27 Do we know A ?



For three of the seven high T, A-15's, tunneling measurements have

Deen done whicn give a A value: %or ND Ge. A= 1.7 +0.15 (Kihistrom

and Geballe, 1982); for Nb3Sn, A = 1.55 to 1.69 (Shen, 1972) vs A =

1.80 (Rudman and BeasIey, i981) for sub-stoichiometric Nb3Al with T¢

= 16.2K, Kwo gt al.,1981 give » = 1.65. Far infrared studies (McKnight

et al., 1979) on V3 Si give » = 1.29. For the remaining three high T¢

:-15]?, =§7gre reduced to using a phenomenological formula put forward by
owe

®
T, = 55 (» - 0.25) (5)

For Nb3Ga. using T = 19.8K and 9 = 280K (Stewart and Webb, 1980),
Rowell's formula gﬁves A= 1.66. For Nb3Alg gGeo using Te =
20.0K and 9p = 278K (Stewart et al., 1978b), 1% 's formula gives A =
1 69. Due to the multiphase nature of the explosively prepared A-15
?Si sample whose LTSH was measured by Stewart. et al., 1981b, 6p for
s A-15 1s, as yet, 1ll1-determined. By analogy to Nb3Al, Stewart et
al., 1981b, assigned a = 1.7 for Nb3Si.

These values for A are listed in Table 1. Clearly there is
significant uncertainty attached to these numbers. Perhaps most
fundamentally, tunneling measurements on these high T. compounds only
sample the properties of the material to a depth of less than 100 A
Thus, any surface imperfections (composition, strain, defects,
impurities) will cause an erron-ous value for A to be obtained. Second,
the value given above for sub-stoichiometric Nb3jAl (T, = 16.2K) is
1ikely lower than the correct value for the higher qua11ty. Te = 18.7K
material used in the specific heat studies. Third, the derivations of a
for Nb3Ge and Nb3Sn are based on assumptions that may in fact be
incorrect. (For a discussion of these assumptions, see Wolf et al.
1980). Last, the use of Rowell's formula for Nb3Ga and
Nb3Alo_gGeo_2 must be viewed as only an approximation.

Therefore, error bars of & 0.2 are used for the A values listed in
Table [ to indicate their approximate nature. Even before we use Eq. 7
to calculate N(0), we see a remarkable thing from Table I: except for
V;151i v and A values vor the high T. A-15 compounds are all very

milar,

The N(O) values, again excluding V3Si, range from a low value of
0.95 * 0.3 states/eV-atom for Nb3Si{ to 1.8 # 0.4 states/eV-atom for
Nb3jGa. Except for V3Si, all of ghe high T. A-15 supercenductors
have N(O) values less than that of Nb (2 states/ev-atom) which has a

of only 9.2K. This is not a result inconsistent with recent band
siructure calculations by Klein et al., 1978. They found N(0) (see Table
1) varied from 0.64 states/eV-atom for Nb3Si to 1.84 states/eV-atom for
V351,

It is thus quit. clear that these high T. A-15 compounds do not owe
their elevated superconducting transition temperature to a high density
of states value. The opinion t{o the contrary is still at large in the
scientific community, dating back to the specific heat work of Morin and
Maita, 1963. In this early work, tctally erroneous values of 4.40 and
5.5 states/eV-atom were reported for Nb3Sn and V3Si respectively
besed on values of 7 which were too high due to the lack of an entropy
check. Also, the factor of (1 + 2) in Eq. 2 was unknown at that time.

Hopefu11y this review article has served to dispel the false idea
that high T, implies high N(0O). As we have seen, it certainly is not
trve for the high T YS compounds. Additionally, the only other
materials known wit T » 17.0K (Yp.7Thg.3C1.35, Tc = 17.0K and
NbC(.30N0.70, Tc = 17. 4KT have values for y that are even lower
than ‘those discussed here for the high T, A-15's: y = 4.7 md/mole—k2
(Stewart et al.. 1978c) and v = 3.3 mJImole—K (Geballe et al.. 1966)



However, saying that the high T. A-15's do not owe their high
Te's to a large density of states a% the Fermi energy still leaves the
puzzle of "Why high T.?" unanswered. Further exper?ments. and perhaps
more importantly, fresh theoretical insight are still needed.
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